Splenomegaly is a well-known phenomenon typically associated with inflammation. However, the underlying cause of this phenotype has not been well characterized. Furthermore, the splenomegaly phenotype seen in lymphotoxin (LT) signaling-deficient mice is characterized by increased numbers of splenocytes and splenic neutrophils. Splenomegaly, as well as the related phenotype of increased lymphocyte counts in non-lymphoid tissues, is thought to result from the absence of secondary lymphoid tissues in LT-deficient mice. We now present evidence that mice deficient in LTα 1 β 2 or LTβR develop splenomegaly and increased numbers of lymphocytes in non-lymphoid tissues in a microbiota-dependent manner. Antibiotic administration to LTα 1 β 2 -or LTβR-deficient mice reduces splenomegaly. Furthermore, re-derived germ-free Ltbr −/− mice do not exhibit splenomegaly or increased inflammation in non-lymphoid tissues compared to specific pathogen-free Ltbr −/− mice. By using various LTβ-and LTβR-conditional knockout mice, we demonstrate that retinoic acid-related orphan receptor γT-positive type 3 innate lymphoid cells provide the required active LT signaling to prevent the development of splenomegaly. Thus, this study demonstrates the importance of LT-mediated immune responses for the prevention of splenomegaly and systemic inflammation induced by microbiota.
INTRODUCTION
The human microbiota is home to tens of trillions of microbes that are primarily categorized as Bacteria, Archaea and Eukarya. 1 Human co-evolution with the microbiota has led to the development of a symbiotic relationship where the microbiota contributes to host physiological processes, such as food metabolism, and the host provides a special niche for the microbiota to inhabit. 2 When comparing germ-free mice to those colonized with normal microbiota, it was quickly revealed that the presence of the microbiota is critical to the development of the normal immune system; GF mice develop fewer lymphoid structures in the intestinal tissue and produce less IgA than normal mice. 3 Recently, a group of innate cells called innate lymphoid cells (ILCs) has been found to be important in regulating inflammation at barrier sites such as the lung and colon. ILCs originate from common lymphoid progenitors but lack somatic recombination capabilities and develop in the fetal liver and adult bone marrow. [4] [5] [6] ILCs are innate lymphocytes that have the capability to respond quickly to a variety of stimuli to influence adaptive immune cells. 5 ILCs are mainly divided into three groups based on the distinct transcription factors that are critical for their development to maturity. Type 3 innate lymphoid cells (ILC3s) express retinoic acid-related orphan receptor γT (RORγt) and mainly produce IL-22, IL-17 and IFNγ. 7 ILC3s are found only in the skin, intestinal lamina propria and mucosal immune sites. 8 The LT pathway is traditionally thought to be important for the development and function of lymph nodes and gutassociated lymphoid tissue (GALT). One of the primary roles of active lymphotoxin (LT) signaling is to organize immune cells within follicular structures to promote specific immune responses. [9] [10] [11] [12] [13] [14] LT is also known to promote the production of antimicrobial peptides, IgA and IL-22, that are involved in mucosal defense. 15 Soluble LTα and membrane LTα 1 β 2 are core members of the tumor necrosis factor (TNF) superfamily. 16 LTα forms a soluble homotrimer that can bind TNF receptor 1 and 2. 16 The LT signaling pathway is critical for the development and maintenance of secondary lymphoid organs. [17] [18] [19] [20] [21] Thus, mice deficient in LTα, LTβ or LTβR lack GALT and display compromised mucosal defenses. [17] [18] [19] [21] [22] [23] LTα 1 β 2 is expressed on the surface of T, B, LTi (lymphoid tissue inducer cells) and ILC3 cells and signals via LTβR expressed on stromal cells, myeloid cells, hepatocytes, epithelial cells and endothelial cells. 15, 16, 24 It has been determined that common variable immunodeficiency (CVID) and other forms of autoimmunity are associated with gene variants within the Tnf and Lta locus. 25, 26 Like CVID patients, it has previously been noted that Ltbr −/− mice demonstrate lymphocytosis, inflammation in the lungs and liver, and enlarged spleens. 19, [27] [28] [29] These phenotypes are presumed to be due to the absence of peripheral lymph nodes. [30] [31] [32] [33] [34] However, our data support the idea that splenomegaly and increased numbers of T cells in nonlymphoid tissues are not caused by lack of secondary lymphoid tissues but can be attributed to the role of LT in controlling microbiota-induced inflammation.
MATERIALS AND METHODS
Mice C57BL/6, Rag1 −/− and Ragγc −/− mice were originally obtained from Harlan, Jackson and Taconic Labs, respectively, and were bred and maintained in-house for multiple generations.
, and LysM Cre+ Ltbr f/f (LTβR ΔMϕ ) mice were bred as littermates in a vivarium at the University of Chicago and were initially characterized elsewhere. 4, 14, 17, [19] [20] [21] [35] [36] [37] Ltb −/− and LTβ ΔILC,T mice were crossed onto the Rag1 −/− background for this study. Littermates were generated by breeding of a null parent (usually the dam) to a heterozygous mate. In the case of conditionally deficient mice, Cre-negative littermate Ltb f/f or Ltbr f/f mice were used as WT controls. Mice were genotyped before weaning between 21 and 28 days after birth. All mice were bred and kept under specific pathogen-free (SPF) conditions. All mice used were age and sex matched. All SPF mice were maintained on normal chow (Harlan Teklad 2918). All GF mice were maintained on standard autoclaved and irradiated chow (Harlan Teklad 2016S). Fecal samples were collected weekly and underwent culture and 16s PCR to monitor the microbiological status of the experimental isolators. All experimental procedures were approved and carried out in accordance to University of Chicago's IACUC (Protocol #71866).
Depletion of gut commensal microbiota Animals were genotyped prior to weaning and separated at 3-4 weeks of age. Animals were either treated at weaning or at 8 weeks of age with broad-spectrum antibiotics in their drinking water for a period of 4 weeks, as initially described elsewhere. 38 Briefly, a modified cocktail of antibiotics purchased from Sigma (ampicillin (1 g/l), gentamicin (1 g/l), vancomycin (500 mg/l), neomycin sulfate (1 g/l) and metronidazole (1 g/l)) was dissolved in autoclaved water and given to mice ad libitum. Autoclaved water alone was given to control mice. The antibiotic cocktail was replaced on a weekly basis, and the mice were monitored for health status issues on a biweekly basis.
Stool DNA extraction Stool samples were freshly collected and frozen at less than − 20°C. Stool DNA extraction was performed with Minibeadbeater (BioSpec Products, Bartlesville, OK, USA) homogenization with beads, followed by extraction with QIAamp DNA Stool Mini Kit's (Qiagen, Germantown, MD, USA) protocol. The DNA was eluted and saved at − 20°C until further analysis.
Germ-free derivation of LTβR littermates
Derivation of Ltbr −/− mice was contracted through Taconic Biosciences via the standard germ-free (GF) derivation protocol using GF isolator reared, GF surrogate mothers. Briefly, Taconic Biosciences received male Ltbr −/− mice from us to be bred to C57BL/6 female mice. At day 19-20 of gestation, the 'uterine package' was surgically removed from the female donor. Under sterile conditions, the 'uterine package' was opened and the Ltbr +/ − pups were transferred to a GF isolator housing a surrogate mother. The microbiological status of the isolator was monitored following transfer. Once the Ltbr +/ − mice reached adulthood, they were shipped to the University of Chicago's Gnotobiotic Core Facility using Taconic GF Shipper. Specialized technicians at the Gnotobiotic Core transferred the animals from the Taconic GF Shipper to the designated flexible isolator. GF heterogynous LTβR mice were bred together to generate GF Ltbr +/+ and Ltbr −/− mice. GF Ltbr +/+ and Ltbr −/− were maintained by homozygous breeding in the gnotobiotic facility. Fecal samples were collected weekly to monitor the microbiological status of the experimental isolators by culture and PCR of bacterial 16s ribosomal DNA. All experimental procedures were approved and carried out in accordance with University of Chicago's IACUC (Protocol #71866). 
Sorting and transfer of ILC3s
ILC3s from LPL of Rag1 −/− mice were sorted based on 7AAD, CD45 and CD90 expression using a FACSAria (BD) cell sorter as previously described. 39, 40 Briefly, the small intestine and colonic tissue, including the cecum, were removed and cleaned using sterile 1 × PBS and mechanical scraping. The mucosal tissue was washed using 1 × HBSS+0.5% dithiothreitol before enzymatic digestion using DNase I (Sigma, St Louis, MO, USA) and Liberase (Roche, Indianapolis, IN, USA). The intestines were further disrupted using gentleMACs C tubes (Miltenyi Biotec, San Diego, CA, USA). Lymphocytes were further purified by gradient centrifugation using a 40/80% Percoll (GE, Pittsburgh, PA, USA) gradient. LPL were collected at the interphase, washed and counted. The cells were stained at 1 × 10 7 cells per ml before sorting. LPLs were gated by CD45 and CD90 expression where intestinal CD90 hi CD45 lo LPLs are RORγt + ILC3s. 39, 40 Purification checks were performed after each sort. The cells were kept on ice until ⩾ 2.5 × 10 5 cells were transferred via retro-orbital, i.v. injection into 3-4-week-old mice. The mice were aged for another 4-6 weeks before analysis.
Blocking LT and IL-22 signaling in vivo
The LTβR:hIg procedure used in this study has been previously described. 41, 42 Briefly, 100 μg per mouse of LTβR:hIg was administered by intraperitoneal (i.p.) injections weekly from weaning for the duration of the experiment. Anti-IL-22 antibody (generously provided by Wenjun Ouyang, Genentech, South San Francisco, CA, USA) was administered i.p. (150 μg per mouse 3 × per week) from weaning for the duration of the experiment. Mouse weights were monitored before each injection to ensure normal health status.
Real-time PCR
RNA was extracted from colon samples frozen in RNAlater (Ambion, Thermo Fisher Scientific) at − 80°C by using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. The RNA product was treated with amplificationgrade DNase I (Qiagen). Product integrity was verified by running samples on 2% agarose gels. We used 2 μg of RNA to make cDNA using Maxima Reverse Transcriptase and associated buffers, dNTPs and oligo(dT) primer (Thermo Scientific) according to the manufacturer's protocol. Samples were amplified on an iQ5 instrument (Bio-Rad Laboratories, Hercules, CA, USA) using SsoFast EvaGreen Supermix (Bio-Rad Laboratories); primer concentrations were 0.5 μM in the final reaction. Correct melting temperatures for all products were verified after amplification. For all products, amplification in all samples resulted in correct melting temperatures. Replicates were made of all samples, which were analyzed using the 2 − ΔΔCT method normalized to the corresponding Gapdh. qSTAR qPCR primer pairs against Mus musculus gene H2 were purchased from OriGene (Rockville, MD, USA). mIL-22 (F: 5′-CATGCAGGAGGTGGTACCTT-3′, R: 5′-CAGACGCAAGCATTTCTCAG-3′). Gapdh (F: 5′-CATC AAGAAGGTGGTGAAGC-3′, R: 5′-CCTGTTGCTGTAGCCG TATT-3′).
Statistical methods
The data were analyzed using Student's t-test or ANOVA with multiple comparisons correction, when appropriate, using GraphPad Prism 6.0 (La Jolla, CA, USA). The data from experiments are presented and denoted as the mean values ± s.e.m. or mean with 95% confidence interval wherever appropriate. Po0.05 was considered statistically significant.
RESULTS

LT beta-receptor prevents gut microbiota-induced splenomegaly and systemic inflammation
To confirm the splenomegaly phenotype in LT-deficient hosts, we measured the spleen size and counted the number of splenocytes. We observed significant differences in spleen size ( Figure 1a ) and splenocyte number ( Figure 1b ) in SPF Ltbr −/− mice compared to Ltbr +/+ mice or littermate Ltbr +/ − mice. To determine when the splenomegaly phenotype first appears, we performed a time-course experiment. Splenomegaly was measured in SPF Ltbr +/ − and Ltbr −/− littermates before weaning until 12 weeks after birth. We found that Ltbr −/− and Ltbr +/ − littermate mice had similar spleen sizes before and immediately after weaning. Interestingly, the splenomegaly phenotype became statistically significant only when Ltbr −/− mice reached adulthood (Supplementary Figure 1A) . These data suggest that inherent lack of lymph nodes did not result in splenomegaly but that the splenomegaly phenotype develops in Ltbr −/− mice after the adult commensal microbiota has established in these mice. 43, 44 To determine whether the splenomegaly phenotype comprised one particular immune cell type or the expansion of all immune cells, we analyzed various subsets of splenic immune Type 3 innate lymphoid cell-derived lymphotoxin Y Zhang et al cells by flow cytometry. When we examined the splenocyte cell population, we noticed a relative increase in all major cell populations. The only significant shift in the differential was noted to be an increase in the percentage of Gr1 + CD11b + cells (Figure 1c) , most likely neutrophils, in the SPF Ltbr −/− splenocytes compared to Ltbr +/ − littermates. Specifically, both the percentage (Figure 1d ) and absolute number (Figure 1e ) of neutrophils in the spleens of SPF Ltbr +/ − mice were significantly lower compared to the amount of neutrophils found in the spleens of SPF Ltbr −/− mice. Since neutrophils typically respond to bacterial infections, and Ltbr −/− mice are known to be highly susceptible to colonic bacterial infections, we wondered whether exposure to commensal bacteria promoted the splenomegaly phenotype in SPF mice. Thus, we sought to determine To determine whether the bacteria within the microbiota led to the expansion of neutrophils in the spleen of Ltbr −/− mice, we utilized antibiotics to deplete the commensals in our SPF colony. 38 To test this hypothesis, broad-spectrum antibiotics were administered ad libitum in drinking water to SPF Ltbr −/− and Ltbr +/ − mice, starting at weaning for 4 weeks. ABX treatment had no effect on spleen sizes (Figure 2a 
we also found a reduction in both percentage (Figure 2c ) and absolute cell numbers (Figure 2d ) of neutrophils in the spleen of ABX-treated Ltbr −/− mice. Interestingly, if broad-spectrum antibiotics were given to SPF Ltbr −/− ad libitum for 4 weeks starting at 8 weeks of age, the spleen weight (Supplementary Figure 1B) and splenocyte numbers (Supplementary Figure 1C) were similar to untreated control Ltbr −/− mice. Together, these data suggest that the initial exposure of Ltbr −/− mice to bacteria allows for the development of neutrophilic splenomegaly.
Previous work has demonstrated the possibility that disseminating microbiota can promote splenomegaly. 45 To determine whether the presence of disseminating microbiota could be promoting splenomegaly in LT-deficient mice, we utilized various culture techniques in both aerobic and anaerobic conditions to try to culture bacteria from spleen and liver tissues (Supplementary Methods). No bacteria were consistently detected from tissues using the culture conditions attempted. To confirm whether the increased basal inflammation in LT-deficient mice was microbiota-dependent, we re-derived the Ltbr −/− mice GF. Intriguingly, the splenomegaly phenotype was no longer observed in the GF mouse colony. Specifically, GF Ltbr −/− mice had spleen sizes (Figure 2e ) and splenocyte numbers (Figure 2f ) comparable to GF Ltbr +/+ mice. Together, these data suggest that the splenomegaly phenotype originally observed in SPF Ltbr −/− mice might be microbiotadependent. In other words, LT signaling could prevent peripheral inflammation in the presence of the microbiota.
LT on group 3 innate lymphoid cells prevents splenomegaly To understand which component of the host immune system responds to bacteria in an LT-dependent manner, we sought to determine which immune cells were involved. To determine which immune cells expressing LTα 1 β 2 ligand and/or LTβR were important in regulating spleen size, we generated various LTβ and LTβR conditional knockout mice. First, we deleted LTβR on myeloid precursors in LysM Cre+ Ltbr f/f mice but found no difference in spleen size, suggesting that LTβR expression on myeloid cell lineages is not essential for development of splenomegaly. We next targeted the endothelial cell lineage using Tie2cre ( Supplementary Figures 2A and B) . We did not observe major difference in the spleen phenotype of Tie2 Cre+ Ltbr f/f mice (endothelial cells; Figure 3a) . To determine which cells expressing LT control microbiota-mediated inflammation, we first deleted LTβ on B cells (Cd19 Cre+ Ltb f/f mice) and all T cells (Cd4 Cre+ Ltb f/f mice) but observed no difference in spleen weight (Figure 3b ). In addition, deletion of LTβ in both T cells and B cells (Cd19 Cre+ Cd4 Cre+ Ltb f/f mice) did not result in splenomegaly (Figure 3b) .
Since RORγt + LTβ + ILC3s are shown to control gut infection, we next deleted LT on RORγt cells. 13, 35 Impressively, we observed that Rorc Cre+ Ltb f/f mice had significantly larger spleens compared to littermate controls in this single conditional mouse (Figure 3c ). The data suggest that ILC3s expressing LTβ regulate spleen size, since T cells deficient in LT did not have larger spleens than littermate controls (Figure 3b ). To ensure that Rorc Cre+ expression did not have a biological impact in this model, we validated that the spleen sizes (Supplementary Figure 2C) and the splenocyte numbers (Supplementary Figure 2D) did not differ between Rorc Cre+ mice and Rorc Cre − Ltb f/f mice. 46, 47 Since T cells and ILC3s both express LT, we next crossed Rorc Cre+ Ltb f/f mice onto the Rag1 −/− background to determine whether the lack of LTα 1 β 2 on ILC3 was sufficient for responding to the microbiota in the absence of adaptive immunity. Interestingly, Rag1 −/− Rorc Cre+ Ltb f/f mice had significantly larger spleens ( Figure 4a ) and increased splenocyte numbers (Figure 4b ) compared to SPF Rag1 −/− mice. Furthermore, Rag1 −/− Rorc Cre+ Ltb f/f mice had a significantly higher frequency of neutrophils ( Figure 4c ) and absolute neutrophil cell numbers (Figure 4d ) compared to control Rag1 −/− mice (Figure 4e ). To verify that ILC3s expressing LT were needed following exposure to the same microbiota, we generated littermate Rag1 −/− Ltb +/ − and Rag1 −/− Ltb −/− mice and observed that mice that lack LT on only ILC3s had significantly larger spleens ( Supplementary   Figure 3 The absence of lymphotoxin on RORγt expressing cells results in splenomegaly. (a) Conditional LTβR-deficient mice were generated by crossing Ltbr f/f mice with LysM Cre+ mice and Tie2 Cre+ mice (n = 3-4, repeated two times). (b, c) Ltb f/f mice (n = 3-13, repeated five times) were bred to Cd4 Cre+ and Cd19 Cre+ mice to inactivate LT in T cells and B cells, respectively. Mice were killed, and the spleens were removed and weighed. Error bars represent the mean and s.e.m. One-way ANOVA was performed. **Po0.01; ***Po0.001.
Type 3 innate lymphoid cell-derived lymphotoxin Y Zhang et al Figure 3A ) and higher splenocyte numbers (Supplementary Figure 3B) compared to littermate controls. Together, these data demonstrate that LT-expressing ILC3s are needed to prevent the development of splenomegaly in the presence of the commensal bacteria.
Active LT signaling from group 3 innate lymphoid cells is necessary to prevent splenomegaly Since we determined that LT on ILC3s was needed to prevent the development of splenomegaly and systemic inflammation, we wondered whether ILC3s expressing LTα 1 β 2 by themselves Figure 3C) . 40 Ragγc −/− mice lack T cells, B cells, natural killer cells and most importantly, ILCs, due to lack of functional receptors for many cytokines and recombinase activating gene-2. 37, 48, 49 To test whether ILC3s expressing (Figure 5a ). In addition, the Ragγc −/− mice who received ILC3s sorted from Rag1 −/− Ltb +/ − LPLs had significantly fewer splenocytes compared to the Ragγc −/− mice who received ILC3s sorted from Rag1 −/− Ltb −/− LPLs (Figure 5b ). Although we did not see a significant increase in the frequency of neutrophils (Figure 5c ), when we examined the splenocyte populations, we observed a corresponding significant increase in absolute numbers of neutrophils (Figure 5d ) in the Ragγc −/− mice who received ILC3s sorted from Rag1 −/− Ltb −/− LPLs. Given these data, we determined that LTα 1 β 2 expressed on the membrane of ILC3s was necessary and sufficient to prevent the development of neutrophilic splenomegaly in the presence of the microbiota.
It is known that Rorγt −/− mice, which also lack ILC3s, have a splenomegaly defect, demonstrating that ILC3s are necessary to maintain and promote a proper mucosal gut barrier. 50, 51 Recently, expression of MHC-II on ILC3s has been shown to mediate the host's immune response at the gut mucosal barrier to prevent the development of splenomegaly. 8, 52 In addition, IL-22 has been shown to play an important role in preventing splenomegaly in an ILC3 and microbiota-dependent manner. 7, 45, 50 Furthermore, it is known that ILC3s producing IL-22 are critical for anti-bacterial defense in a STAT3-dependent manner. 39 Since the LT pathway regulates IL-22 signaling in the context of gut inflammation, we wondered whether these signaling pathways were affected by LT expression on ILC3s. 13, 35 To test whether LTα 1 β 2 expression on ILC3s can influence MHC-II and IL-22 expression, we isolated LPLs from naive littermate Rag1 −/− Ltb +/ − and Rag1 −/− Ltb −/− mice. ILC3s were sorted from the corresponding LPLs based on CD45 + and CD90 + expression and collected for RNA isolation. The relative expression of MHC-II on LTα 1 β 2 -sufficient ILC3s did not significantly differ from LTα 1 β 2 -deficient ILC3s (Figure 5e ). Interestingly, LTα 1 β 2 -deficient ILC3s had significantly lower IL-22 expression compared to LTα 1 β 2 -sufficient ILC3s (Figure 5e ). This suggests that LT expression on ILC3s is necessary for normal IL-22 production. This implies that the ability of ILC3s to produce IL-22 at homeostatic conditions is dependent on sufficient LT expression and/or signaling. These data demonstrate that ILC3s expressing LTα 1 β 2 and actively providing LT signaling are needed to prevent the development of splenomegaly in the presence of bacteria.
To determine whether the IL-22 pathway was directly involved in regulating microbiota-induced inflammation, we blocked IL-22 signaling in Rag1 −/− mice. Littermate Rag1 −/− mice were weaned and given αIL-22 or IgG control i.p. 3 × weekly for 4 weeks. Although we did observe a significant difference in spleen size between αIL-22-treated Rag1 −/− mice and control Rag1 −/− mice (Figure 6a ), when we examined the splenocyte numbers, we did not observe a significant difference between the mice that received αIL-22 or IgG control (Figure 6b ). These data show that only inhibiting IL-22 signaling is insufficient to promote the development of splenomegaly in Rag1 −/− mice. Since expression of LTβ on ILC3s can dampen splenomegaly, we next wondered whether active LT signaling was required. In other words, is the splenomegaly phenotype due to the lack of lymph nodes or active LT?
To determine whether ILC3s needed to constitutively provide LT to prevent the development of systemic inflammation, we examined whether blocking LT signaling would have an effect on spleen size. We blocked LT signaling in Rag1 −/− mice with LTβR:hIg fusion protein, since in Rag1 −/− mice ILC3s are the main immune cells expressing LTα 1 β 2 . Littermate Rag1 −/− mice were treated with LTβR:hIg fusion protein or IgG control for 4 weeks, starting at weaning. In LTβR:hIg treated Rag1 −/− mice, we observed an increase in spleen size ( Figure 6c ) and splenocyte numbers (Figure 6d ) compared to control Rag1 −/− mice. We observed a significant difference not only in the frequency of neutrophils (Figure 6e ), but when we examined the splenocyte cell populations, we also found an increase in absolute number of neutrophils (Figure 6f ). These data demonstrate that active LT signaling from ILC3s is needed to prevent the development of bacteria-induced neutrophilic splenomegaly in SPF Rag1 −/− mice. These data suggest that ILC3s expressing LTα 1 β 2 and actively providing LT signaling are needed to prevent the development of splenomegaly in the presence of bacteria. In conclusion, this work determined that LT-expressing ILC3s are needed to maintain proper mucosal barrier immunity to prevent the development of microbiotainduced splenomegaly.
DISCUSSION
Splenomegaly and increased lymphocytes in non-lymphoid tissues in LT-deficient mice have been previously attributed to the lack of the secondary lymphoid tissues. This work revisited this issue and determined that splenomegaly is dependent on both LT signaling and the microbiota. Within the splenocyte cell population, there was an increase in the percentage of neutrophils observed only in Ltbr −/− mice and not in their corresponding SPF Ltbr +/ − littermates. Oral antibiotics given during the initial exposure to the commensal microbiota were sufficient to prevent the neutrophilic splenomegaly.
By using different conditional mouse models that deleted Ltb and Ltbr on various immune cells, we determined that cells expressing RORγt transcription factor and LTβ were important for mediating the host's immune response to the microbiota. Specifically, LTβ expression and active LT signaling on ILC3s was necessary and sufficient to prevent the development of neutrophilic splenomegaly. Furthermore, active LT signaling from ILC3s is needed to prevent the development of bacteriainduced neutrophilic splenomegaly in SPF Rag1 −/− mice. These Type 3 innate lymphoid cell-derived lymphotoxin Y Zhang et al results suggest that membrane LTα 1 β 2 expressed on ILC3s is necessary and sufficient to prevent the development of neutrophilic splenomegaly in the presence of the commensal microbiota. Therefore, the splenomegaly phenotype previously observed in LT-deficient and LT-signaling deficient models develops following exposure to the gut bacteria. Figure 6 The absence of active signaling from LT results in the development of neutrophilic splenomegaly. SPF littermate Rag1 −/− were weaned and given αIL-22 or mIgG as control for 4 weeks. The mice were killed and the spleens were harvested and (a) weighed and (b) splenocytes counted. SPF littermate Rag1 −/− were weaned and given LTβR:hIg or mIgG as control for 4 weeks. The mice were killed and the spleens were harvested and (c) weighed, (d) counted, and (e) percentage and (f) absolute cell number of neutrophils determined and compared against spleens from control mice. n = 5-8, repeated three times. Error bars represent the mean and s.e.m. Unpaired t-tests were performed. *Po0.05; **Po0.01. 13, 35, 36, 57, 58 Therefore, we propose the following model: LTβ expression on ILC3s binds and activates LTβR on DC and epithelial cells, and this interaction is important for modulating microbiota-induced inflammation at baseline. In other words, active LT signaling from ILC3s is also needed to promote host homeostasis in the presence of commensal bacteria.
The presence of bacterial ligands such as LPS and flagellin has been shown to upregulate intestinal epithelial proliferation, paneth cell proliferation and expression of antimicrobial peptides (AMPs) such as RegIIIγ through the IL-22 pathway. [59] [60] [61] [62] Therefore, it is possible that the compartmentalization of the commensals within the gut lumen is compromised in mucosal immune-deficient mice. Mice deficient in IgA antibody production have been shown to have increased systemic antibodies directed against the microbiota, thus implying that bacterial components can be exposed to the systemic immune system. 12, 59 Previous work has implicated the important role of mucosal lymphoid tissues in containing and regulating the colonic commensal microbiota to prevent inflammation, specifically Th17 immunity. 45, [63] [64] [65] [66] Despite the fact that we were unable to consistently detect bacteria in systemic tissue from Ltbr −/− mice using the culture methods described herein, it still remains to be determined whether systemic bacteria can be detected and found through the utilization of other culture methods.
Previous research has shown that IL-22 plays an important role in preventing splenomegaly in an ILC3-and microbiotadependent manner. 7, 45, 50 The IL-22RA pathway has been implicated in the establishment of the microbiota and mucosal homeostasis that prevents dissemination of commensal bacteria during colonic inflammation. 67 It has also been demonstrated that the LTβR pathway upregulates IL-22 and antimicrobial peptide expression in a bacterial colitis model, such as the Citrobacter rodentium infection model. 13, 35, 68 Interestingly, SPF IL-22-deficient mice do not display abnormal pathologies compared to WT counterparts. 69, 70 Furthermore, following the transfer of LTα 1 β 2 -deficient ILC3s or LTα 1 β 2 -sufficient ILC3s into Ragγc −/− hosts, we did not see a significant difference in expression of the typical AMPs (RegIIIβ and RegIIIγ) associated with downstream IL-22-signaling pathway in the colonic tissues (data not shown). Thus, the current study raises the possibility that LT-signaling could have a dual role in mucosal immune homeostasis: one acting upstream of IL-22 signaling, and another independent of IL-22 signaling. Further experiments will be needed to determine the specific downstream implications of LT signaling that is needed to maintain basal mucosal immunity following initial microbiota exposure.
Recent work has implicated the role of MHC-II expression and signaling on ILC3s to mediate and prevent microbiotainduced splenomegaly. 8, 52 Based on our work, it appears that LT expression on ILC3s did not significantly alter MHC-II expression on ILC3s. On one hand, this observation could mean that LT signaling has a minimal impact on MHC-II signaling along the mucosal barrier. On the other hand, this raises the possibility that MHC-II signaling and response to the commensal microbiota could be upstream of LT-signaling and induction. This observation is especially interesting given the importance of lymphoid structures and MHC-II signaling in various immune diseases, from autoimmunity to cancer immunology. 71 Previous work has shown that LT/LIGHT can indirectly affect MHC-II signaling to promote the prevalence of various autoimmune diseases. [72] [73] [74] However, it remains to be seen whether defects in MHC-II signaling could also indirectly affect LT signaling along the mucosal barrier, and if so, by which mechanism and in which disease states.
Lastly, ILC3s have been demonstrated to play an instrumental role in modulating systemic and colonic inflammation during microbial exposure. 8, 75 Since cryptopatches, comprising mainly ILC3s, differentiate into isolated lymphoid follicles only in the presence of the commensal microbiota, it is believed that microbial ligands can activate ILC3s. 8, 76, 77 Proper activation of ILC3s is needed to prevent systemic inflammation and the development of splenomegaly. 7, 50, 51, [78] [79] [80] The current study suggests that the maturation/differentiation of ILC3s is dependent on LT signaling and the commensal microbiota. Thus, LT signaling not only has a role in the formation of isolated lymphoid follicles and colonic follicles but is also needed to regulate the microbial signals received from the commensal bacteria. This inability to modulate the commensal bacteria results in the development of systemic inflammation and splenomegaly.
